INTRODUCTION
The role of the vagi in the control of the lower esophageal sphincter (LES) 1 function is poorly understood (1) . Some observers have reported that electrical stimulation of the peripheral end of the vagus, after cervical vagotomy, may cause either LES relaxation or contraction depending upon the frequency and intensity of vagal stimulation and the existing tone of the cardia at the time of stimulation (2-5), while others have observed a sequence of inhibition followed by contraction (2, 6) . Current views on the subject are vague (7) (8) (9) (10) (11) , but most observers appear to accept the idea that the vagi can exert both inhibitory and excitatory influence on the LES. Moreover, lesions in the vagal excitatory efferents to the LES have been implicated in the pathogenesis of LES incompetence (12, 13) and achalasia (14) .
Because of the clinical importance of LES competence and relaxation, we performed studies to define more clearly the influence of the vagi on the LES. First, we investigated the effect of bilateral vagotomy on LES pressure. Second, we studied the effect of electrical stimulation of the peripheral end of the vagus after bilateral vagotomy, using a wide range of frequency (F) and intensity of stimulation. Third, we studied the effect of electrical stimulation of the central end of the vagus on the LES pressure.
METHODS
Studies were performed in 39 opossums (Didelphis virginiana) because the lower esophagus including the LES in this animal is composed of smooth muscle fibres, and this arrangement is similar to that found in man (15) . Moreover, several recent studies have suggested that the neurohormonal control of the LES function in the opossum may bethanechol, (2-hydroxypropyl) trimethylammonium chloride carbamate; edrophonium, ethyl (mn-hydroxyphenyl) dimethylammonium bromide; F, frequency of the pulses of the stimulation; LES, lower esophageal sphincter; phentolamine, 2- [N-(m-hydroxyphenyl) -p-toluidinomethyl ] imidazoline; phenylephrine, l-n-hydroxy-a-[(methylamino) methyl]benzyl alcohol hydrochloride.
The Journal of Clinical Investigation Volume 54 October 1974@899-906 vapus N crve-= FIGURE 1 Diagrammatic presentation of the electrode used for vagal stimulation. The electrode was made from a 12-mm-long polyvinyl tubing (ID = 2 mm, OD = 4 mm). The (1) had reported that bilateral cervical vagotomy may cause temporary spasm of the LES. The vagi were exposed on either side in the neck through a 2-inch-long midline incision, which started below the level of the laryngeal prominence. Each vagus 2 was identified as it lay in the carotid sheath, behind and in between the internal jugular vein and the common carotid artery. The identity of the vagus was confirmed by electrically stimulating the nerve, which produced bradycardia and cardiac arrest, depending upon the intensity of stimulation. The exposed vagus was then secured in two loops of thread which were tied, and the vagus was sectioned between them. The procedure was then repeated for the vagus on the other side, and the LES pressure was continuously monitored.
To study the effect of electrical stimulation, an electrode ( Fig. 1) 2The sympathetic trunk lies just medial to the vagus. At this level, vagus nerves have already given off superior laryngeal branches, which cause swallowing upon stimulation. We observed that the electrical stimulation of the cervical sympathetic trunk produces no change in the sphincter pressure.
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S. Rattan and R. K. Goyal initial fall in LES pressure (17) , which then returned to normal level, even though the effect of maximal effective dose of 50 /Lg/kg of phenylephrine, an alpha adrenergic agonist, was antagonized at 30 min after the administration of phentolamine. All studies were performed within 30 min of the administration of phentolamine.
RESULTS

Effect of cervical vagotomy on the LES pressure
Influence of unilatcral vs. bilateral vagotorny. Unilateral vagotomy did not alter LES pressure during the 10-min period of observation. Section of the second vagus caused a prompt increase in the LES pressure by 113.8±26.9% (absolute increase in pressure was 26.0±6.1 mm Hg) at 2 min after the section of the second vagus. Fig. 2 summarizes the mean change in LES pressures before and after the section of the second vagus in four animals. Note that the sphincter pressures returned towards normal at 4 min, although some elevation in the LES pressure persisted over 10 min after vagal section. The LES pressures in these four animals were not different from the prevagotomy level at 30 min and 60 min after vagotomy. The percent change was + 11.4±1.8% at 30 min and +16.3±4.5% at 60 min (P> 0.05). Chronic effects of vagotomy on the sphincter pressure were not studied.
Influence of phentolamine and atropine pretreatment.
To define the mechanism of the transient LES hypertension associated with bilateral vagotomy, we studied the effect of phentolamine and atropine on the LES spasm. Phentolamine (1 mg/kg) was administered 10 min before bilateral vagotomy because by that time the LES pressure had returned to the preinjection level. Atropine (30 Ag/kg) was also administered 10 min before vagotomy to avoid acute effects of intravenous bolus injection of atropine.
As shown in Fig. 2 , phentolamine as well as atropine pretreatment in three animals each prevented the LES spasm with bilateral cervical vagotomy. The effect of phentolamine suggests that the LES spasm is not due to irritation of cholinergic motor fibres in the vagus, as had been suggested (1, 4) . Our studies, on the other hand, suggest that the LES hypertension associated with bilateral vagotomy may be due to sudden imbalance between alpha adrenergic excitatory influences and the vagal inhibitory effect.
Effect of the stimulation of the peripheral end of the vagus on LES pressure General observations. A typical response of the LES to vagal stimulation with 10 V, frequency of 10 Hz, square wave impulses of 0.5 ms applied for 4 s is shown in Fig. 3 . The LES pressure fell with vagal stimulation, and after the relaxation was over, the sphincter pressure returned to the resting level.3 ' We have also observed that on vagal stimulation the upper one-third of the LES shows relaxation followed by after-contraction, so that the LES pressure transiently overshoots the resting LES pressure. The after-contraction of the upper part of the LES follows the sequence of peristaltic activity in the body of the esophagus, and it presumably represents the mixture of the esophageal-body and the sphincteric muscles (18 (Fig. 6) . However, atropine treatment reversed the rise in the fundic pressure with vagal stimulation to a fall. On the other hand, the degree of LES relaxation with vagal stimulation was not enhanced by atropine (Fig. 6 ). (n = 19).
Vagal Control of Lower Esophageal Sphincter
Influence of bilateral vagotomy. We initially thought that this increase in pressure with the stimulation of vagal afferents was mediated by the excitatory efferents in the second vagus which was intact. However, after the second vagus was also sectioned, stimulation of vagal afferents still caused LES contraction (Fig. 7) ; the mean increase in LES pressure was 17.9±2.7 mm Hg (53.1+9%). This increase was not significantly different from the increase in pressure with the other vagus intact (P > 0.05). These observations suggested that the efferent fibres of the reflex which mediate reflex LES contraction are not carried via the vagi.
Influence of atropine and phentolamine. To define the nature of the efferents which mediate LES contraction in response to afferent vagal stimulation, we investigated the effect of phentolamine and atropine on the reflex LES contraction after bilateral cervical vagotomy in seven animals. The resting LES pressures were 36.7+2.5, 38.7+2.2, and 38.1±3.4 mm Hg after bilateral vagotomy alone, after phentolamine, and after atropine treatment. These differences were not significant (P > 0.05). The LES contraction with the stimulation of the vagal afferents was significantly (P < 0.05) antagonized by phentolamine or by atropine treatment (Fig. 8) .
DISCUSSION These studies reveal that the vagi carry purely inhibitory efferents to the LES. They also carry afferent fibres for a centrally mediated reflex for LES contraction. We found no evidence of cholinergic excitatory efferents to the LES in the vagus.
The discrepancy between our results and those of previous observers who found the vagus to cause LES contraction (1-6) may be largely due to technical factors. In many older studies which reported contraction of the cardia with vagal stimulation, large (2-5 cm) esophagus-cardia balloons were used to monitor pressure (1, 3, 4, 6) . Such large balloons are likely to measure simultaneously pressure from the stomach, LES, and body of the esophagus. The reported contraction of cardia in these studies inay have been due to contraction of the fundus of the stomach and the body of the esophagus in response to vagal stimulation.
We did not look for cholinergic excitatory nerves to the LES outside the vagal pathway. There have been several studies on the LES muscle strips from the opossum, in which transverse strips of the LES muscle were stimulated by transmural stimulation (18, show relaxation followed by contraction, whereas Christensen, Freeman, and Miller (18) report that LES muscle shows only relaxation with transmural stimulation. These differences may be related to selection of the "sphincter segment" and differences in the techniques of transmural stimulation and other factors. In any event, the results of transmural stimulation of the transverse muscle strips cannot be equated with those of vagal stimulation, because transmural stimulation will produce net results of the stimulation of the vagal nerve elements, sympathetic nerves as well as intramural nerves, which may not be connected with the extrinsic nerves. Studies to discriminate between the various excitatory and inhibitory neural fibres have not been done. Using a variety of pharmacologic agents, Lipshutz, Tuch, and Cohen have shown the existence of the cholinergic excitatory neurons to the LES of the opossum; they have also shown that gastrin acts via these cholinergic neurons to produce LES contraction (20) . Our studies, however, reveal that if there are cholinergic neurons to the LES, they do not lie in the vagal pathway to the LES.
There are four important implications of these observations. First, current views (1, 9) on the mechanism of relaxation of the LES consider that it may be due to the inhibition of continuous excitatory activity in the vagal nuclei, to active inhibitory impulse sent to the LES, or to both. Our studies show that LES relaxation is due to active inhibitory impulses carried along the vagi to the LES. On the other hand, the view that LES relaxation is due to central vagal inhibition implies that the LES closure is maintained by the impulses arising in the vagal nuclei and that the LES opening is due to reduction in the number of these impulses carried via the vagus nerve (1 (12) . Lesions in the vagal efferent pathway, which is entirely inhibitory, may contribute to the impaired relaxation of the LES found in achalasia. Moreover, lesions in this inhibitory pathway to the LES may lead to supersensitivity to excitatory agents, such as gastrin and cholinomimetic agents, due to the lack of counter-regulatory influences of the inhibitory mechanism. Third, these studies show that the efferents for the centrally mediated reflex contraction from the LES do not lie in the vagus as suggested by some observers (13) , but instead they may lie in the sympathetic pathway. The adrenergic excitatory pathway to the LES, however, does not lie in the cervical sympathetic trunks, as the stimulation of the cervical sympathetic trunk was without effect on the LES. These excitatory efferents for the LES may lie in the lower thoracic sympathetic outflow.
Fourth, atropine has been reported to antagonize the reflex contraction on the LES in response to abdominal compression and also to cause a decrease in the LES pressure (13, 23) . This effect has been interpreted to indicate antagonism of the vagal cholinergic motor influence on the LES (13) . Our studies show that atropine may act to antagonize the extravagal excitatory pathway to the LES. This may be due to the presence of cholinergic link in the adrenergic excitatory pathway or a nonspecific depressant action of atropine on the adrenergic excitatory pathway to the LES. In any event, these observations illustrate that the effect of atropine on the LES should not be equated with antagonism of the vagal pathway (13) .
It is of some interest to note that atropine treatment showed some antagonism of LES relaxation with the stimulation of the peripheral end of the vagus. This effect of atropine may be due to antagonism of the ganglionic transmission in the vagal inhibitory pathway.'
